Salt weathering is a major cause of deterioration of buildings and monuments of cultural heritage. We have determined the underlaying moisture and ion transport within a representative building material by measuring the time evolution of NaCl-saturated samples during one-sided drying using nuclear magnetic resonance. The measured NaCl concentration profiles reflect the competition between advection to the surface and redistribution by diffusion. By representing the measured moisture and NaCl profiles in an efflorescence pathway diagram ͑EPD͒ the crystallization is also taken into account. The pathways followed in the EPD indicate that for historical objects in general, crystallization at the surface cannot be avoided.
Salt weathering is a major cause of deterioration of buildings and monuments of cultural heritage. We have determined the underlaying moisture and ion transport within a representative building material by measuring the time evolution of NaCl-saturated samples during one-sided drying using nuclear magnetic resonance. The measured NaCl concentration profiles reflect the competition between advection to the surface and redistribution by diffusion. By representing the measured moisture and NaCl profiles in an efflorescence pathway diagram ͑EPD͒ the crystallization is also taken into account. The pathways followed in the EPD indicate that for historical objects in general, crystallization at the surface cannot be avoided. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1512329͔ Buildings and monuments of cultural heritage are under constant threat from their environment. Salts are widely recognized as a major cause of the loss of many historical objects, such as statues, buildings, and other artworks. [1] [2] [3] [4] While such porous materials are drying, salt crystallization may occur at the surface ͑that is, efflorescence͒ or just below the surface, where it may cause structural damage, for example, delamination, surface chipping, or disintegration, with consequent loss of detail. Salt weathering can therefore be considered as a common hazard with significant cultural and economic implications. It has to be mentioned that salt weathering also plays an important role in various geophysical deterioration processes. 2 Although salt damage has been intensively investigated for several decades, the mechanisms and factors that control the formation of salt crystals in porous media and the development of damage by crystal growth are poorly understood. A better understanding of the movement of water and ions during evaporation and salt crystallization in porous materials is required to explain salt damage for different materials and conditions and to develop methods to mitigate this problem. For a long time, the development of realistic models for combined moisture and ion transport made hardly any progress. In geology, no consensus exists as yet about the way in which salts induce the stone decay. The critical issue is not the formulation of transport equations and constitutive relations, but the lack of adequate and reliable experimental data. Only recently, technological developments have created the opportunity to solve this problem.
Nuclear magnetic resonance ͑NMR͒ imaging techniques allow the imaging of specific nuclei spatially, as in medical imaging. The first application of NMR imaging to building materials was reported by Gummerson. 5 Imaging of building materials is complicated, as in general these contain many magnetic impurities: Fe and Mn, for example. These impurities generate large magnetic field gradients in the material, causing a fast dephasing of the nuclear magnetic moments, resulting in a very short nuclear relaxation time, 6 which hampers the study of fluids in these materials with standard NMR equipment. However, by using a specially adapted NMR setup it appeared possible to measure the moisture distribution in these materials in a quantitative way with a high spatial resolution. 7 As NMR can also selectively detect other nuclei, such as Na, this makes it possible to study the salt transport in materials, for instance, during drying.
In this study we focus on the salt transport during the drying of a salt-contaminated material, as this induces crystallization at the surface of the material. Here we consider single-sided drying of a material saturated with a NaCl solution. The apparatus used in this study has an iron-cored electromagnet generating a field of 0.8 T. Anderson gradient coils generate a constant gradient of 0.3 T, resulting in a onedimensional resolution of the order of 1 mm. A Faraday shield has been added to suppress the effect of dielectric changes. 7 By an electrically operated switch the tuned circuit of the insert can be toggled between 33 MHz for hydrogen or 8.9 MHz for Na imaging. The cylindrical sample with a diameter of 20 mm is moved vertically through the magnet with the help of a step motor. This sample is sealed at all sides except the top, over which air with a relative humidity of 5% is blown. In this way a one-dimensional drying process is created. It takes 60 s to determine the moisture content at one position. Due to the lower relative NMR sensitivity of Na it takes 4 min to measure the Na content with a comparable signal-to-noise ratio. Because of the NMR echo times used in the experiments (TEϭ205 s) only the Na nuclei in the solution are measured, that is, no signal is obtained from NaCl crystals. Hence, the NaCl concentration in the solution can be calculated from the Na signal and the moisture signal. Measuring an entire NaCl concentration profile for a sample with a length of 45 mm takes about 3 h. Since the typical time of a drying experiment is several days, the variation of the concentration profile during a single scan can be neglected.
Drying experiments were performed on various types of fired-clay brick. These bricks show almost no adsorption of a͒ Electronic mail: l.pel@tue.nl APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 15 7 OCTOBER 2002 ions at the pore wall. In all drying experiments, with the drying rates used in this study, it was observed that the moisture profiles were almost homogeneous, and within the time of these experiments, that is, up to 14 days, no receding drying fronts were observed. We attribute this to the wetting properties of the NaCl solution. In Fig. 1 , an example for a drying experiment of a 3 M NaCl solution is shown. During the initial drying, Na ions are advected to the surface ͑position 0 mm͒ and the NaCl concentration slowly increases to 6 M, which is the saturation value for a NaCl solution. At this point additional advection will result in crystallization at the top of the sample, which is observed as a white efflorescence. From this point on the NaCl concentration profile in the sample starts to level off until the total sample is at 6 M. During a drying experiment there will be a competition between advection, which transports ions to the top of the sample and thereby causes accumulation, and diffusion, which levels off any accumulation. For the drying of a porous material a Peclet number can be defined as: 8 Peϵ
where h ͓m 3 m Ϫ2 s Ϫ1 ͔ is the drying rate, L ͓m͔ the length of the sample, m ͓m 3 m Ϫ3 ͔ the maximum fluid content by capillary saturation, and D ͓m 2 s Ϫ1 ͔ the diffusion coefficient of Na in the porous material. For PeӶ1 diffusion dominates and the ion-profiles will be uniform, whereas for Peӷ1 advection dominates and ions will be accumulated at the drying surface. In Fig. 2 the drying curve, that is, the average saturation S avg (Sϭ/ m ) as a function of time, is plotted for the experiment shown in Fig. 1 . We have used a value of D of the order of 1ϫ10 Ϫ9 m 2 s Ϫ1 to estimate the Peclet number. 9 Initially the drying rate gives rise to PeϷ3, corresponding to the accumulation of the 6 M peak at the surface, whereas after two days PeϷ0.7, corresponding to the leveling off of the NaCl profile. In Fig. 2 the time dependence of C avg S avg (C avg is the average salt concentration in the solution͒ is also plotted. This quantity is proportional to the total amount of dissolved ions in the solution ͑observed by NMR͒, since in our experiments the water is uniformly distributed within the sample, in which case (CS) avg ϭC avg S avg . Initially this amount decreases rapidly, indicating that salt is crystallizing at the top. As the drying rate decreases also the crystallization rate decreases. A second kink in C avg S avg is observed after about 11 days, when the sample is homogeneous at 6 M. At this point the crystallization rate becomes proportional to the drying rate.
Various experiments were performed with different salt concentrations ͑i.e., 1, 3, and 5 M͒, and different airflow rates over the samples. Instead of representing all these experiments by graphs like Figs. 1 and 2 , we will now introduce the efflorescence pathway diagram ͑EPD͒, as plotted in Fig. 3 . In an EPD the total amount of NaCl present in the solution C avg S avg , that is, the amount directly measured by NMR, is plotted against the average saturation S avg . In this diagram two limiting situations can be distinguished. First, in the case of very slow drying ͑i.e., PeӶ1), the ion profiles stay homogeneous and for some time no crystallization will occur. The average NaCl concentration slowly increases ͑line A͒ until the complete sample has reached 6 M. From this point on any additional drying will result in crystallization ͑line B͒. The other extreme situation occurs in case of very fast drying of the samples ͑i.e., Peӷ1). Now ions are directly advected with the moisture to the top of the sample and a 6 M peak will build up with a width so small that the average concentration is not significantly affected. If the rate of crystallization is high enough, that is, if there are enough nucleation sites at the top, the average NaCl concentration in the solution in the sample itself will remain constant at nearly the initial concentration ͑line C͒. From any point within the region bounded by the lines A-C only moisture removal will result in an increase of the NaCl concentration.
A decrease of C avg S avg can only take place by crystallization. This requires that ions are transported to a region with a local concentration of 6 M peak, that is, the drying surface in our experiments. Because the transport is driven by evaporation, crystallization always involves a ͑small͒ change of S avg . For the experiment shown in Figs. 1 and 2 the corresponding pathway is plotted in Fig. 3͑a͒ . This pathway indi-cates that during the first 9-12 days a peak in the NaCl concentration is present and salt will crystallize at the top; that is, there is salt efflorescence. Thereafter the concentration in the sample is 6 M. In Fig. 3͑b͒ all pathways are plotted for the experiments performed with the various samples starting at initial homogenous concentrations of 1, 3, and 5 M. In a few experiments indeed the boundary line of Peӷ1 is followed. This indicates that the salt crystallization is indeed fast enough and is not a limiting factor; that is, there are enough nucleation sites in this type of material. During these experiments with NaCl no supersaturation ͑i.e., concentrations higher than 6 M͒ is found. In contrast to the experiments for 3 and 5 M, it is possible to follow the Pe Ӷ1 boundary line for 1 M.
The NMR measurements on combined moisture and ion transport during drying in combination with the EPD prove to be a powerful tool to study salt weathering. The EPD diagrams reflect the competition between advection to the surface and redistribution by diffusion, but also take into account the crystallization. The EPDs indicate that in general, crystallization at the surface cannot be avoided. However, it is evident that the drying rate is the key parameter in the salt crystallization process. When historical objects are preserved indoors, where the climatological conditions can be controlled easily, the relative humidity has to be kept as constant as possible and airflow around the object should be prevented. However, outdoor monuments and buildings are frequently exposed to wind and fluctuations of the relative humidity. In order to mitigate the problem of crystallization one should try to eliminate the source of the salts or try to prevent crystallization, for example, by a salt inhibitor.
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FIG. 3. Efflorescence pathway diagram: C avg S avg , which represents the total amount of NaCl present in the solution, as a function of the average saturation S avg . ͑a͒ EPD for the experiment plotted in Fig. 2 . Indicated are the points corresponding to the profiles plotted in Fig. 1͑b͒ The EPD for all experiments performed on fired-clay brick: 5 M ᮀ, 3 M ٌ, ᮀ, छ, ϩ, ᭺ and 1 M ᮀ, छ, ᭝.
